The complexation of anions of selected α-amino acids (alanine, valine, proline, tyrosine) and small pep-
Introduction
It is well-known that nickel(II) forms stable complexes with a range of amino acids and peptides, and that some of these complexes are of biological and technological relevance. The uptake and transport of nickel in plants, for example, is accomplished mainly by monomeric amino acids, 1,2 while nickel transport in blood plasma is governed by oligopeptides. 3 The molecular mechanisms of nickel toxicity appear to be associated with complexation of peptides as well. 4 For instance, the N terminal XZH motif in serum albumin, which mediates transport of nickel in blood plasma, has been identified as the primary nickel binding site. 5 Nickel may also bind to the octarepeat region of prion proteins and amyloid-β. 6 Moreover, the affinity of nickel for the amino acid histidine is also of importance in the purification of recombinant proteins utilizing the N-terminal hexa-histidyl tag. As a consequence much interest has arisen in the coordination chemistry of nickel with amino acids and peptides, 7 and a number of reviews on this topic exist. 8 There is also large interest in the coordination chemistry of organometallic nickel compounds with amino acids and peptides. 9 Most of the amino acids invariably bind to nickel(II) via the carboxylate-O and the amino-N donor atom, thereby forming a thermodynamically stable, five-membered chelate ring. 10 The glycinato complex [Ni(gly) 3 ] − is a typical example. 11 The NO chelate prevails also in a number of mixed ligand complexes, 12 and in the case of amino acids with side chain donors. [13] [14] [15] The O,O-(carboxylate) coordination mode with a dangling NH 2 (or protonated-NH 3 + ) function has been observed far less frequently. 16 It occurs in some mono-and polynuclear lanthanide complexes, 17, 18 and in some dinuclear 4d and 5d metal complexes. 19, 20 Carboxylate-O coordination has also been observed in ternary metal complexes designed to differentiate between L and D amino acids. 21 Here, the carboxylate coordination is enforced by an appended crown-ether moiety which binds the NH 3 + group via three strong NH⋯O hydrogen-bonding interactions. 22 The coordination modes of di-, tri-, and tetrapeptide ligands are more diverse as one might expect. In the absence of supporting ligands, the peptides generally act as chelate ligands, with a terminal N, one or more deprotonated amide cavity influences many properties of the complexes, particularly complex stability 27, 28 and reactivity. 29 
Results and discussion

Synthesis of complexes
The α-amino carboxylato complexes 2-5 were synthesized by ligand substitution reactions from the chlorido-bridged complex 1, as it is depicted in Scheme 2. (4)) groups. Fig. 2 shows the UV/Vis spectrum of the tyrosinato complex 5a which is representative for 2-5. There are two weak absorption bands at 650 and 1100 nm attributable to the spinallowed 3 For carboxylato complexes ν 1 = 1088-1028 nm and ν 2 = 648-655 nm), 28 very close to those of 2-5. This match in values provides strong support for a μ 1,3 -bridging carboxylate function. All compounds were further studied by CD spectroscopy. CD spectra were recorded from 400 to 800 nm in DMSO solution. The CD spectrum of the L-tyrosinato complex 5a (inset to Fig. 2 ) is again representative for all compounds.
There are two positive peaks at 633 and 743 nm which presumably correspond to the ν 2 transition (at 650 nm), while the more intense peak at 422 nm is most likely a component of the ν 3 and/or the charge→transfer transition. The spectrum of the D-tyrosinato complex 5b is similar to that of 5a, but the three peaks have negative values as expected from the opposite configuration of the co-ligand. The racemate 5c exhibits no net chirality, and its CD spectrum is featureless. There are not many examples in the literature to which the CD spectra of the present complexes can be compared. The spectra of octahedral [Ni(L-aminocarboxylato) 2 2 ] complexes contain five-membered NO chelate rings. The puckering of the chelate rings confers dissymmetry about the metal ion and this effect contributes to the observed optical activity. In 2-5, the CD spectra arise mainly from contributions from the asymmetric C atom, due to the absence of the NO chelate rings. Therefore, by simply looking at the sign of the CD peaks, one can readily indicate the presence of a syn,syn-bridged amino-carboxylato or a NO chelate structure.
Crystal structures of the prolinato (4′) and tyrosinato complex (5a)
Crystals of 4′·2MeOH·MeCN suitable for single crystal X-ray diffraction analysis were grown from a methanol-acetonitrile solvent system. This salt crystallizes triclinic, space group P1. The nickel(II) ions are coordinated in a square-pyramidal fashion by a fac-N 3 (µ-S) 2 
Synthesis of peptide complexes
The selective complexation of the amino acids prompted us to investigate the possible complexation of small peptides via their C-terminal carboxylate function. The three peptides (L-alanyl) n -L-alanine (n = 1-3) were selected as they contain no side chains with potential donor atoms which would presumably interact with another [ [LNi 2 (μ-peptide)] + complexes with analogous structures in similar good yields and reaction times. The perchlorate salts 6-8 are air stable in solution as well as in solid state. They exhibit good solubility in polar aprotic solvents such as MeCN, CH 2 Cl 2 and acetone. They are less soluble in alcohol and virtually insoluble in water. Again, the solubility of compounds 6-8 was found to be dependent on the length of the peptide chain, similar to the side-chain dependence in case of the amino carboxylate complexes above. Thus, compound 8 is more soluble in methanol than 6. In addition the complexes are more soluble than the free peptides. In MeOH-MeCN 2+ which hinders the formation of intermolecular hydrogen-bonding interaction which would otherwise lead to an extended network as present in the free peptides (Fig. 5) . [44] [45] [46] [47] It is assumed that part of the peptide chain is still exposed to the solvent medium, given that the binding pocket of the [LNi 2 ] 2+ unit has a depth of not more than ∼6 Å. This would explain why the solubility increases with the length of the peptide chain.
Characterization of the peptide complexes
The peptide complexes were characterized by elemental analyses, ESI-MS, IR, UV/Vis and CD spectroscopy. Table 2 ion. Another characteristic feature of the IR spectra is the amide I stretching mode, 48 associated mainly with the CvO group from the peptide backbone (Fig. 6 ). The frequency of this vibration is highly affected by structural changes associated to the loss or formation of hydrogen bonds which define the secondary structure of peptides. 49-52 A comparison of the IR spectra of L-alanyl-L-alanine and 6 shows that the amide I stretch is shifted by 23 cm −1 to lower energy, while for complexes 7 and 8 a hypsochromic shift by 27 and 35 cm −1 is observed. The shift to higher energy of the amide I vibration mode indicates a structural change which is believed to be a consequence of the encapsulation and the concomitant loss of intermolecular hydrogen bonds seen in the free peptides. The crystal structure of complex 6′ described below also supports this assumption. The electronic absorption spectrum of 6 is very similar to that of 2 (Fig. 7) , even the shoulder at 910 nm for the spin-forbidden 3 A 2g → 1 E g (D) transition is observed, again indicative of a distorted octahedral NiN 3 S 2 O carboxylato chromophore in 6.
However, the spin-allowed 3 A 2g → 3 T 1g transition (a measure of the octahedral splitting parameter Δ o ) 53 at 1114 nm is slightly blue-shifted relative to 2 suggesting that the L-alanyl-L-alaninato ligand exerts a slightly stronger ligand field than the L-alaninato ligand. This may be traced to a weaker hydrogenbonding interaction between the amide NH and the carboxylato-group, such that the latter is more basic in the dipeptide and in turn the stronger ligand (the same applies to the tri and tetrapeptides in 7 and 8, respectively). The 3 A 1g → 3 T 2g transitions appear to be not dependent on the type of the coligand, as they scatter randomly between 646 and 650 nm. The 3 A 1g → 3 T 1g (P) transition is again obscured by strong RS − →Ni II charge transfer transitions below 450 nm. The inset to Fig. 7 shows the CD spectrum of 6. Again, the spectrum is similar to that of 2 showing two positive peaks at 626 and 759 nm which correspond to the ν 2 transition (at 650 nm), and a peak at 418 nm assumed to be a component of the ν 3 (or the charge→transfer) transition. Overall, the spectroscopic similarities to the amino-carboxylato complexes provide strong support for a carboxylate-coordination of the peptide coligands.
Description of the crystal structure of the L-alanyl-L-alaninato complex 6′·2MeCN
We have not been able to grow single crystals of the tri-and tetrapeptide complexes 7 and 8 yet. However, in case of the L-alanyl-L-alaninato complex 6, single crystals could be grown. 
, and
The reaction yields appear to be not dependent on the chain length of the aminoacids or peptide. The complexes differ from other amino carboxylato structures in that they are selectively bound via their carboxylate groups and not as NO chelates. From IR spectra there is evidence about structural changes along the peptide backbone upon coordination to the dinuclear complex fragment. This fact is supported by the crystal structure of complex 6′ which reveals three major structural differences between the bound and the free dipeptide coligand. The solubility of the complexed oligopeptides is also altered upon coordination, which can be traced to the loss of intermolecular hydrogen bonding interactions upon encapsulation. The CD spectra of the syn, syn-bridged structures are significantly different from those of the NO chelates, and can distinguish between the two coordination modes. These results can now be used as a guide for the complexation of other oligopeptides.
Experimental section
General methods and instrumentation IR spectra were recorded on a Bruker TENSOR 27 FT-IRspectrometer. Electronic absorption spectra were recorded on a JASCO V670 UV/vis/NIR spectrometer. Elemental analyzes were carried out with a VARIO EL elemental analyzer. Compounds were dried under high vacuum for eight hours. Circular dichroism spectra were recorded on a JASCO J-715 spectropolarimeter. Mass spectra were taken on a BRUKER ESQUIRE 3000 PLUS instrument. Solvents and reagent were used in reagent purity. Amino acids from Alfa Aesar
were optically pure and used without further purification. The syntheses of the metal complexes were carried out under a protective atmosphere of argon using standard Schlenk techniques. Starting Materials. Complex [LNi 2 (μ-Cl)](ClO 4 ) (1) was prepared according to the literature procedure. 40 All other reagents were obtained from standard commercial sources and used without further purification. Safety Note! Perchlorate complexes are potentially explosive, and caution should be exercised when such derivatives are handled. However, the small quantities used in this study were not found to present a hazard. In our laboratory, small quantities of perchlorate complexes are routinely tested for their explosive potential by controlled mechanical impact. 54 General procedure for the preparation of the carboxylatobridged nickel(II) complexes 2-5. Perchlorate salts: [LNi 2 (µ-L′)]-(ClO 4 ). To a solution of the chlorido-bridged complex 1 (92 mg, 0.10 mmol) in MeOH-MeCN (2 : 1) (30 mL) was added a suspension of the amino acid HL′ (0.10 mmol) in 5 mL of same solvent system, followed by 14 µL (0.10 mmol) of triethylamine. The mixture was stirred for 4 h to give a green solution. A solution of LiClO 4 ·3H 2 O (0.16 g, 1.00 mmol) in EtOH (5 mL) was added. The solution was concentrated by evaporation at 40°C to a volume of about 5 mL until incipient precipitation, and was then allowed to stand for another 6 h. The crude product was filtered, purified by recrystallization from a mixed MeCN-EtOH (1 : 1) solvent system, and dried under high vacuum for eight hours. [F 2 > 2σ(F 2 )] = 0.0339, wR 2 (all data) = 0.0722, R 1 index based on 22 501 reflections with I > 2σ(I) (refinement on F 2 ). Flack x = 0.005 (15) . All MeCN solvate molecules were refined isotropically.
